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Abstract
We study the effects of the Higgs directly coupled to the inflaton on the primordial
power spectrum. The quadratic coupling between the Higgs and the inflaton stabilizes the
Higgs in the electroweak vacuum during inflation by inducing a large effective mass for the
Higgs, which also leads to oscillatory features in the primordial power spectrum due to
the oscillating classical background. Meanwhile, the features from quantum fluctuations
exhibit simple monotonic k-dependence and are subleading compared to the classical
contributions. We also comment on the collider searches.
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1 Introduction
The confirmation of the Higgs with a mass 125.09±0.21±0.11 GeV at the Large Hadron Collider
(LHC) [1] has marked the discovery of the last piece of the jigsaw for the standard model. At
the same time, this raises significant questions on the cosmological evolution of the Higgs. If we
extend the standard model to higher energy scales, the quartic Higgs coupling becomes negative
beyond a scale Λ ∼ 1010 GeV, mainly contributed by the loop corrections from the Yukawa
coupling to the top quark [2]. At very large field values of the Higgs lies the true minimum
with negative Planckian energy density, if extrapolated up to the Planck scale, indicating that
the electroweak vacuum is only metastable. This metastability is sensitive to the top quark
mass: the current measurement of the top quark mass 173.34 ± 0.76 ± 0.3 GeV [3] excludes
absolute stability at 99% confidence level [4], while the lifetime of the electroweak vacuum is
longer than the age of the universe [5]. That means, with a generic sub-Planckian initial value
of the Higgs h . mPl, it is very unlikely to find ourselves in the metastable electroweak vacuum
h . Λ ∼ 10−8mPl unless the Higgs is forced to stay near the minimum.
Even if the Higgs is initially placed at the origin, during inflation [6] the picture could
become different very easily if the energy scale of inflation is large enough. Indeed, with the
current bound at 95% confidence on the tensor-to-scalar ratio r0.05 . 0.12 [7], it is not difficult
to construct inflationary models with the Hubble parameter H & Λ [8]. If the Higgs is only
coupled to the standard model particle species, it can be treated as an effectively massless
scalar field in the inflationary era. Then the Higgs acquires quantum fluctuations of O(H), so
that it eventually settles down in the true minimum with large negative energy [9].
There are many ways to solve this problem by introducing some new physics beyond stan-
dard model. For instance, some new particle with a mass larger than top quark can change
the running of the Higgs self-coupling λ, and prevent it from becoming negative [10]. Inflation
with finite temperature caused by dissipative effects can also change the effective potential by
thermal corrections and raise the vaccum with negative energy to a false one [11]. Besides,
Higgs inflation with a non-minimal coupling to gravity can solve this problem similarly [12].
A simple way to make the Higgs safe from instability during inflation is to introduce a
large mass by a direct coupling to the inflaton, which makes mh & H [13]. It is shown that
the Hawking-Moss decay rate is suppressed by e(mh/H)
4
, while the Coleman-de Luccia decay
rate is still neglegible [14] so that the evolution of the Higgs towards the electroweak vacuum
during inflation is very likely. However, this coupling can affect the evolution of the curvature
perturbation during inflation, thus may leave distinctive features primordial power spectrum by
resonant oscillations [15, 16]. These potentially important effects have not been studied closely.
By treating the coupling term as a perturbation to the standard equation of motion [17], we
can study in detail the impacts of the heavy Higgs during inflation.
This article is outlined as follows. In Section 2, we first consider the classical background
evolution of the Higgs and the inflaton with a simple renormalizable coupling between them.
Then we show this oscillating background gives rise to logarithmic oscillations in the primor-
dial spectrum. In Section 3 we compute the contributions from the quantum fluctuations to
the power spectrum, which is subdominant compared to the classical features. After briefly
commenting on the prospects for collider search in Section 4, we conclude in Section 5.
1
2 Background evolution
2.1 Bounds on the Higgs-inflaton coupling
Let us begin by invoking the Lagrangian with a simple renormalizable term that directly couples
the Higgs and the inflaton quadratically,
V (φ, h) =
1
2
m2φφ
2 +
1
2
ξφ2h2 +
1
4
λh4 , (1)
where φ is the inflaton and ξ is a positive coupling constant. For simplicity, we have set the
vacuum expectation value of the Higgs to zero, and used the quadratic chaotic potential for
inflation.
We can place an upper bound on ξ by requring that the one-loop quantum correction to
the inflaton potential from the Higgs-inflaton coupling
∆V =
ξ2φ4
64pi2
log
(
ξφ2
m2
)
(2)
is sub-dominant. This gives
ξ . 4
√
2pi
mφ
φ
≈ 9.05× 10−6
(
AR
2.19× 10−9
)1/2(
50
N
)3/2
, (3)
where AR is the amplitude of the power spectrum of the curvature perturbation R at the
normalization scale and N is the e-folding number of that scale from the moment of horizon
crossing till the end of inflation.
A lower bound on ξ can be derived from the condition to stabilize the Higgs during inflation.
To see this, notice that for a specific value of φ, the maximum along the Higgs direction is
obtained from
∂V
∂h
= ξφ2h+
(
λ+
βλ
4
)
h3 = 0 . (4)
Non-trivial solution only exists for λ + βλ/4 < 0, i.e. h & Λ. For estimation, we may neglect
the running of λ and take its mimimum value λm < 0 to get
hmax ≈
√
ξ
|λm|φ , (5)
which gives the maximum value of the effective potential for a given φ as
Vmax =
1
2
m2φφ
2 +
1
4|λm|ξ
2φ4 . (6)
Then the probability of the Hawking-Moss decay is e−BHM with
BHM =
2pi2
3|λm|
ξ2φ4
H4
. (7)
The suppression of this decay rate gives us a lower bound
ξ > |λm|1/2
(
H
φ
)2
≈ 8.64× 10−13
( |λm|
0.01
)1/2(
AR
2.19× 10−9
)(
50
N
)2
. (8)
On the other hand, the Coleman-de Luccia decay rate is negligible [14], similar to the one in
the Minkowski spacetime.
2
2.2 Pre-inflationary stage
First we assume that the quartic term of the Higgs is always negligible, otherwise the entire
picture is not different with standard model, and the instability catastrophe can not be avoided.
Then, we require that the Higgs-inflaton coupling term dominate the potential when h is large
(but still sub-Planckian). The universe will not inflate in the beginning for large initial values
of h, and inflation only happens later when h drops down some critical value and the inflaton
potential becomes dominant. From (6), if
ξ & |λm|1/2mφ
φ
∼ 5.09× 10−8
( |λm|
0.01
)1/2(
AR
2.19× 10−9
)1/2(
50
N
)3/2
, (9)
the coupling term dominates around hmax until heq = mφ/
√
ξ, at which the inflation potential
becomes larger so that inflation begins. If (9) is violated, then heq > hmax and the inflaton
potential will dominate throughout, leading to standard slow-roll inflation.
We focus on the former case, and set the initial value of the Higgs close to hmax. The
Friedmann equation at this initial condition gives
Hmax =
V
1/2
max√
3mPl
≈ ξφ
2
ini
2
√
3|λm|mPl
, (10)
where φini is the initial value of φ. Then the effective mass of the Higgs, mh ≡
√
ξφ, can be
then estimated as
mh
H
&

2
√
3|λm|
ξ
mPl
φeq
∼ 18 for heq < h < hmax ,
√
6ξ
mPl
mφ
∼ 76 for h < heq .
(11)
Therefore in both cases the Higgs can be treated as a massive scalar field. The dynamics of the
background evolution is then as follows: when released from its initial value near the hilltop
of the potential, the Higgs fastly rolls down the potential along the h-direction, and oscillates
in the valley around the electroweak vacuum. It will be trapped there after around 20 e-folds
[see (31) and below]. Meanwhile the inflaton is always slowly rolling down the φ-direction as
will be discussed soon, and inflation happens only a few e-folds after h . heq. Note that due to
rapid oscillations, adopting the simple prescription of integrating out the Higgs without taking
into account the derivative operators [18] calls for caution.
The pre-inflationary evolution can be treated as a matter dominated universe. It is conve-
nient to make φ nearly frozen, which will be justified later soon. The Friedmann equation and
the equations of motion for φ and h are now
1
2
h˙2 +
1
2
m2φφ
2 +
1
2
ξφ2h2 = 3m2PlH
2 , (12)
φ¨+ 3Hφ˙+ ξφh2 = 0 , (13)
h¨+ 3Hh˙+ ξφ2h = 0 . (14)
Furthermore, we write the quadratic potential for φ as the Hubble parameter during slow-roll
inflation,
Hinf =
mφφeq√
6mPl
. (15)
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Then, (12) can be rewritten as
h˙2 + (mhh)
2 = 6m2Pl
(
H2 −H2inf
)
. (16)
Now we define a new variable θ as
h˙ =
√
6mPl
√
H2 −H2inf sin θ , (17)
mhh =
√
6mPl
√
H2 −H2inf cos θ . (18)
Together with (13) we can solve [19]
h = heqcsch
[
3
2
heqt
(
1− sin
(
2
√
ξφeq
)
t
2
√
ξφeqt
)]
cos
(√
ξφeqt
)
, (19)
H = Hinf
Hinf tanh
[
3
2
Hinft
(
1− sin
(
2
√
ξφeqt
)
2
√
ξφeqt
)]
+Hmax
Hinf +Hmax tanh
[
3
2
Hinft
(
1− sin
(
2
√
ξφeqt
)
2
√
ξφeqt
)] . (20)
The junction point marks the equality of the two potential terms, which gives h(teq) ≈ heq and
H(teq) ≈
√
2Hinf. These asymptotic solutions,
h ≈ heq csch
(
3
2
Hinft
)
cos
(√
ξφeqt
)
, (21)
H ≈ Hinf coth
(
3
2
Hinft
)
, (22)
are reliable in the region ξ−1/2φ t H−1inf .
Now we turn to see why we can treat φ as a constant in this stage by calculating the e-folding
numbers Npre elapsed from hmax until heq. Being matter dominated, Npre is given by
Npre ≈ 2
3
log
(
ξ
2
√|λm| φinimφ
)
. (23)
Using the upper bound (3), we can find Npre . 3.2. Thus, the range φ has excursed can be
estimated as
∆φ
φini
∼
(
3heq
2φini
)2
 1 . (24)
Therefore we can take φ to be a constant φ ≈ φini ≈ φeq during this pre-inflationary stage.
2.3 Inflationary stage
After the amplitude of h drops below heq, the quadratic inflaton potential begins to dominate
and inflation begins soon. Thus we can divide φ- and h-parts separately, and solve them
4
perturbatively by treating the cross-term, which becomes subdominant during inflation, as
perturbation. First let us solve for pure φ contributions, the solution for which is the same as
in the ordinary inflation dominated by a quadratic potential. Using the slow-roll condition and
(12), we find
φ = φeq −
√
2
3
mφmPl (t− teq) , (25)
H2φ = H
2
inf
[
1 +
0
3
− 20Hinf (t− teq) + 20H2inf (t− teq)2
]
, (26)
with the subscript φ for the Hubble parameter denoting that only φ contributions are included.
Here we have normalized the solution at t = teq and have defined the leading slow-roll parameter
0 as
0 ≡ − H˙φ
H2inf
=
m2φ
3H2inf
. (27)
In solving the equation for h, we can treat both H and φ as their zeroth order approximation
Hinf and φeq, and we have
h ∝ exp
[
−
(
3
2
±
√
9
4
− ξφ
2
eq
H2inf
)
Hinft
]
∼ e−3Hinft/2e±iµHinft , (28)
where we have defined a mass parameter µ ≡
√
ξφ2eq/H
2
inf − 9/4 ≈ mh/Hinf, as we have µ 1
during inflation [see (11)]. This solution (28) should be matched to (19) at heq, where
h (teq) = Hinf cos (mhteq) , (29)
h˙ (teq) = −mφφeq sin (mhteq)− 3√
2
Hinfheq cos (mhteq) . (30)
The derivative is continuous only when µ  1, and the solution gives a damping oscillation
with frequency mh:
h = heq
(aeq
a
)3/2
cos (µHinft) . (31)
We can see that during inflation the Higgs is damping as a−3/2, and after 20 to 25 e-folds it
will drop from heq to electroweak scale and be trapped there [13].
Now we can substitute (31) into (12) to compute the Hubble parameter including the cross-
term during inflation as
H2 = H2inf
{
1 +
0
3
− 20Hinf (t− teq) + 20H2inf (t− teq)2
+
(aeq
a
)3 [
1 +
3
2µ
sin (2µHinft) +
9
4µ2
cos2 (µHinft)
]}
. (32)
Consequently, the slow-roll parameter  receives oscillatory corrections as
 = 0 + 3
(aeq
a
)3 [
cos2 (µHinft)− 3
4µ
sin (2µHinft)
]
. (33)
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Note that  becomes smaller than 1 only when (aeq/a)
3 . 1/3, which means inflation only
begins around 0.37 e-folds after teq. Likewise, we can find the conformal time as
τ = − 1
aHinf
[
1 +
5
6
0 + 0 log
(aeq
a
)
− 1
8
(aeq
a
)3{
1− 3 cos [2µ (Hinfteq − log (aeq/a))]
µ2 + 4
}]
.
(34)
Here we only keep the leading order to 0 or µ
−1. The inverse relation gives the scale factor as,
also to leading order,
a = − 1
Hinfτ
[
1 +
5
6
0 + 0 log (−keqτ)− 1
8
(−keqτ)3
{
1− 3 cos [2αeq − 2µ log (−keqτ)]
µ2 + 4
}]
.
(35)
We have defined a comoving scale keq ≡ aeqHinf and a constant phase factor αeq ≡ µHinfteq.
Note that this keq is only a large scale that we use to mark the beginning of inflation. The
cosmic and conformal times are related by
t = t? − 1
Hinf
log (−k?τ) , (36)
where k? is the comoving wavenumber of the mode that exits the horizon at t? and can be
conveniently chosen as the normalization scale for the power spectrum amplitude AR.
2.4 Features from oscillating background
Defining
z ≡
√
2amPl ≈ −mPl
√
0
Hinfτ
{
1 +
3
40
(−kτ)3 [1 + cos(2αeq − 2µ log(−k∗τ))]
}
, (37)
the equation of motion for u ≡ zR is
u′′k +
(
k2 − z
′′
z
)
uk = 0 , (38)
with
z′′
z
=
2
τ 2
{
1 +
3
20
µ2 (−keqτ)3
[
cos (−2µ log (−k?τ) + 2α?)− 1
µ
sin (−2µ log (−k?τ) + 2α?)
]}
.
(39)
The standard solution u
(0)
k , for which z
′′/z = 2/τ 2, is
u
(0)
k =
1√
2k
(
1− i
kτ
)
e−ikτ . (40)
The correction term from the classical oscillation satisfies the linearized equation of motion for
∆uk
∆u′′k + k
2∆uk +
3µ2√
2k
k3eqτ
{
cos [−2µ log (−k?τ) + 2α?]
− 1
µ
sin [−2µ log (−k?τ) + 2α?]
}(
1− i
kτ
)
e−ikτ = 0 . (41)
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The solution to this equation is
∆uk =
3
8
√
2k0
(
keq
k
)3
(µ− i)2[i+ µ(1 + k2τ 2)](−k?τ)−2iµ
(1 + µ2)
(
1− i
kτ
)
e−ikτ+2iα? + c.c. , (42)
where c.c. means the complex conjugate.
Given the leading solution (40) and the correction (42), we can easily calculate the power
spectrum of the curvature perturbation. To linear order in ∆uk,
PR = k
3
2pi2
lim
τ→0
∣∣∣∣uk(τ)z(τ)
∣∣∣∣2 = P(0)R {1 + 2k3 limτ→0 τ 2 [u(0)k (τ)∆u∗k(τ) + c.c.]} , (43)
where the zeroth order power spectrum is the standard result
P(0)R =
H2inf
8pi20m2Pl
. (44)
Substituting (40) and (42) into (43), after some straightforward calculations we find
∆P(bg)R
P(0)R
= −3
2
µ
0
(
keq
k
)3{
cos
[
2µ log
(
k
k?
)
+ 2µNk + 2α?
]
+
1
µ
sin
[
2µ log
(
k
k?
)
+ 2µNk + 2α?
]}
.
(45)
Here, the superscript (bg) means it is the correction from the background oscillations and
Nk = log(−kτe) is the e-folding number between the moment when the mode of wavelength
1/k exits the horizon and the end of inflation. keq, as we mentioned before, is a large scale that
parameterize the beginning of inflation. On the other hand, k? is an arbitrary scale we can use
to parameterize the cosmic time. Different choices of k? just change the phase α? =
√
ξφeqt?.
Furthermore, note that (45) has a large prefactor µ/0. To make the perturbation theory
reliable, it has to be suppressed by (keq/k)
3, which means k  keq. This is consistent with the
fact that inflation happens a few e-folds after teq, and the wavelength 1/k we observe today
exits the horizon only after inflation begins.
3 Features from quantum fluctuations
In this section we calculate the corrections to the power spectrum of the curvature perturba-
tion from the quantum fluctuations of the heavy Higgs during inflation. In the spatially flat
gauge, decomposing φ(t,x) = φ¯(t) + δφ(t,x) and h(t,x) = h¯(t) + δh(t,x), and expanding the
Lagrangian, at quadratic order we have
L = a3
[
1
2
˙δφ
2 − (∇δφ)
2
2a2
+
1
2
˙δh
2 − (∇h)
2
2a2
− 1
2
(
m2φ + ξh¯
2
)
δφ2 − 2ξφ¯h¯δφδh− ξφ¯
2 + 3λh¯2
2
δh2
]
.
(46)
Moving to the interacting picture denoted by a subscript I, we can find the free Hamiltonian
H0 and the interaction part HI coming from the cross-term as
H0 = a3
[
1
2
˙δφI
2
+
(∇δφI)2
2a2
+
1
2
m2φδφ
2
I +
1
2
˙δhI
2
+
(∇hI)2
2a2
+
1
2
ξφ¯2δh2I
]
, (47)
HI = a
3
2
ξh¯2δφ2I +
a3
2
λh¯2δh2I + 2a
3ξφ¯h¯δφIδhI . (48)
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According to the background evolution studied in the previous section, the field first rolls down
rapidly along the h-direction, and begins to oscillate around its electroweak vacuum. At the
same time, it slowly rolls down along the φ-direction, while inflation only happens along this
direction a few e-folds after h < heq. Therefore, the curvature perturbation can be defined in
terms of δφ as
R = H
˙¯φ
δφ ≈ δφ√
20mPl
. (49)
Next let us quantize the field fluctuations δφI and δhI . We can proceed in the standard
manner by promoting them as operators with separate creation and annihilation operators,
satisfying the canonical commutation relations. Then the mode functions of δφI and δhI ,
denoted by uk and vk respectively, satisfy the linear equations of motion derived from the free
Hamiltonian H0,
u′′k −
2
τ
u′k + k
2uk = 0 , (50)
v′′k −
2
τ
v′k +
[
k2 +
6ξ
τ 2
(
mPl
mφ
)2]
vk = 0 . (51)
The solutions to (50) and (51) are given by linear combinations of the Hankel functions of
first and second kind. Requiring that deep inside the horizon k  aH they reproduces the
Bunch-Davies vacuum solution [20], we obtain
uk =
H√
2k3
(1 + ikτ)e−ikτ , (52)
vk = −i exp
(
−pi
2
µ+ i
pi
4
) √pi
2
H(−τ)3/2H(1)iµ (−kτ) , (53)
where the mass parameter µ 1 is the same as before.
To calculate the correlation functions including interaction Hamiltonians, it is convenient
to use the in-in formalism [21]. The two-point correlation function for δφI is, expanded to the
second order in the interacting Hamiltonian,
〈in |δφI(k)δφI(q)| in〉 = 〈0 |δφI(t,k)δφI(t, q)| 0〉
+ 2=
[∫ t
t0
dt′ 〈0 |δφI(t,k)δφI(t, q)HI(t′)| 0〉
]
− 2<
[∫ t
t0
dt1
∫ t1
t0
dt2 〈0 |δφI(t,k)δφI(t, q)HI(t1)HI(t2)| 0〉
]
+
∫ t
t0
dt1
∫ t
t0
dt2 〈0 |HI(t1)δφI(t,k)δφI(t, q)HI(t2)| 0〉 , (54)
where |in〉 is the “in”-vacuum state of the full Hamiltonian, and |0〉 is the vacuum of the free
Hamiltonian (47). Using (49), we can connect the two-point correlation function of δφI to the
power spectrum of the curvature perturbation by
H2
˙¯φ
2 〈in |δφI(k)δφI(q)| in〉 = (2pi)3δ(3)(k + q)
2pi2
k3
PR(k) . (55)
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The first term of (54) gives the standard power spectrum as
PR(k) = H
2
inf
8pi20m2Pl
+ · · · , (56)
where we have omitted the next-to-leading order corrections to the power spectrum of O().
This k-independent term is P(0)R given by (44).
The second term of (54) is the contribution from the quadratic δφI term in (48). The
relevant interaction Hamiltonian is then
H
(φφ)
I =
a3
2
ξh¯2
∫
d3k
(2pi)3
δφIkδφ
I
−k . (57)
Meanwhile, the third and fourth terms of (54) are mediated by the remaining two terms in
(48), where the latter case is contributed by
H
(φh)
I = 2a
3ξφ¯h¯
∫
d3k
(2pi)3
δφIkδh
I
−k . (58)
This term dominates (57).
Substituting (57) and (58) back into (54), and using the solutions (52) and (53), we can
calculate the integrals in (54). It is a straightforward task, and has an analytic result under the
assumption µ 1. We give the details in Appendix A, and only ultilize the result to calculate
the correction to the power spectrum by the virtue of (55),
∆P(q)R
P(0)R
=
3
2
µ0
(
k?
k
)3(
pi2
2
+
1
4µ2
)
. (59)
Note that there is no oscillating part in this leading-order quantum effect, and also it is subdom-
inant compared to the corrections from the background oscillations (45). We can thus see that
the effects from the background oscillations dominate the corrections to the power spectrum.
To compare with the Planck data, it is convenient to choose the reference scale k? as the
pivot scale 0.05 Mpc−1. Since the initial scale keq is arbitrary, let us define a new parameter
β ≡ keq/k?. To be consistent with the current observation data, we should take β  1, and
now we can rewrite the corrections as
∆PR
P(0)R
= −3
2
µ
0
(
β
k?
k
)3
cos
{
2µ
[
log
(
k
k?
)
+Nk +
2
3
sinh−1 1− log β
]}
+ · · · , (60)
where we have written the leading term only. This results for some choices of β depicted in
Figure 1. We also show the corresponding change in the cosmic microwave background (CMB)
spectrum. The cosine of log k is a typical oscillation pattern originateed from the classical
motion like eimht [22]. The prefactor of k−3 reflects both the exponential expansion of the
spacetime [16] and the quadratic shape of the potential of the heavy field.
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Figure 1: (Left) the corrected total power spectrum with β = 0.001 (black), 0.005 (red) and
0.01 (blue). (Right) the temperature angular power spectrum of the CMB with β = 0 (cyan),
0.001 (red) and 0.002 (blue).
4 Prospects for collider search
Once inflation ends, during reheating the energy in the inflaton sector should be transferred
into the standard model particles or dark matter. Due to the small coupling with the Higgs, the
inflaton itself is hard to be a candidate of thermal dark matter in our assumptions since during
thermal equilibrium the inflaton freezes out and could be over-abundant [23]. If the inflaton is
light enough, we may search for possible signatures at colliders. To simplify our analysis, here
we only assume that the inflaton mostly decays into dark matter.
After the electroweak symmetry breaking the Higgs acquires the vacuum expectation value
v = 246 GeV, and it induces the interaction ξvφ2h due to the coupling term ξφ2h2/2. If the
inflaton is light enough, mφ < mh/2, the Higgs boson could decay into inflaton pair with the
decay width being
Γh→φφ =
ξ2v2
8pimh
√
1− 4m
2
φ
m2h
. (61)
Direct searches which combine the invisible Higgs boson decays in the vector-boson fusion
channel and associated production of a Higgs boson with W/Z channels set an upper limit on
the Higgs boson invisible branching ratio of 23% [24]. Then we can deduce the upper limit of
ξ from following formula:
Γh→φφ
Γh→φφ + ΓSMh
< 23% , (62)
which generally gives ξ < 0.008 (0.015) for mφ = 1 (60) GeV. At 3000 fb
−1 LHC, the limitation
of the invisible decay could reach 6% [25] which corresponds to ξ < 0.004 (0.007) for mφ = 1 (60)
GeV. However at the future e+e− collider, the sensitivity can reach ∼ 0.1%, and thus an order
of 10−4 for ξ could be accessed.
For the inflaton mass larger than mh/2, the possible way to probe it is from the inflaton
pair production via an off-shell Higgs boson. At pp colliders, the best channel is vector boson
fusion production with a signal of two forward jet plus missing energy. Other possible channels
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are gluon fusion production with an initial radiate jet, tt¯ associated production and Z/W/H-
Higgsstrahlung production. Up to now, the limitation from the LHC data is very weak and
there is nearly no limitation for ξ < 1 with mφ > mh/2 [26]. In the future with a luminosity
of 3000 fb−1 at 14 TeV LHC (100 TeV SppC)[27], the limitation of mφ can only reach 130
GeV (150 GeV) for ξ = 1. So it is very challengeable to probe such a small coupling at future
colliders.
5 Conclusions
The Higgs effective potential becomes beyond a energy scale of Λ ∼ 1010 GeV, which raises
critical doubt for the stability of the Higgs during inflation. This instability can be cured by
introducing a simple direct coupling, such as a quadratic Higgs-inflaton coupling ξφ2h2. The
coupling to the inflaton plays the role of a heavy effective mass of the Higgs during inflation,
which can suppress the amplitude of its quantum fluctuation as well as the Hawking-Moss decay
rate. We have derived some conditions for which this suppression is effective, which gives a
range 8.64 × 10−13 . ξ . 9.05 × 10−6. This coupling is so small that it is very difficult to be
observed from collider searches in the near future. However, it can leave distinctive features
in the primordial power spectrum of the curvature perturbation during inflation. We have
calculated carefully the corrections to the power spectrum due to this Higgs-inflaton cross term,
and found that the corrections give rise to typical logarithmic oscillations with a suppression
factor sensitive to the initial condition of the beginning of inflation. These corrections can be
observed on the largest scales on the CMB, as low-` power modulations for instance, if inflation
happens only a few e-folds before the largest scale we observe today has left the horizon.
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A Some calculations of integrals
In this appendix, we deal with the integrals we have met in (54). One typical integral is∫
xa±2iµe−2ix, where a is a constant of O(1). It has an analytical result, but what we need is
its asymptotic behavior for µ 1. To see this, we use the Taylor series of the exponent, take
the limit µ 1, and then resum the leading order after the integration. We find∫
xa±2iµe−2ixdx =
xa+1±2iµ
±2iµ e
−2ix . (63)
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Usually the range of the integral is taken from 0 to ∞. For the upper limit, add an imaginary
negative part iε to x, and the strongly oscillating part in x → ∞(1 − iε) converges to 0 [21].
The lower limit is also zero for a > −1, therefore∫ ∞
0
xa±2iµe−2ixdx→ 0 for a > −1 . (64)
If we calculate it analytically, we can see that the result is actually proportional to e−piµ [28],
which in this article will be treated as 0.
However, there is an infrared divergence for a ≤ −1. This divergence is spurious because
we approximate the inflationary spacetime to be a time-invariant de Sitter one, which is not
the case after inflation ends. To include the time-invariance breaking at the end of inflation,
the lower limit in (63) should be replaced by a small infrared cutoff τe. This cutoff is connected
to the comoving time τk = −1/k when a scale k exits the horizon by
τe
τk
=
ak
ae
= e−Nk , (65)
where Nk is the e-folding number from τk to the end of inflation. Therefore, the divergent part
is now
lim
x→0
log x→ log(−kτe) = log
(
τe
τk
)
+ log(−kτk) = −Nk , (66)
where for the last step we have used kτk = −1. Then from (63) we have∫ ∞
0
dx xa±2iµe−2ix → e−Nk(a+1) e
∓2iµNk
∓2iµ for a ≤ −1 . (67)
We see that this integral is exponentially enhanced, unless a = −1 for which we have∫ ∞
0
dx x−1±2iµe−2ix → e
∓2iµNk
∓2iµ . (68)
Now the large number Nk only appears in the phase, to which the result is not sensitive.
Another useful integral is [29]∫ ∞
x
dy
e−iby
y
= −ipi − Ei(−ibx) . (69)
We put the upper limit y → ∞(1 − iε) to average the highly oscillating term.If we make the
lower limit to be 0, and use (66) to remove the spurious infrared divergence, we have∫ ∞
0
dy
e−iby
y
= lim
x→0
log(bx) + γ − ipi
2
= Nk − γ − log b− ipi
2
, (70)
where γ denotes the Euler-Mascheroni constant.
To calculate the third term in (54), we have to use the asymptotic form for the Hankel
function of the first kind when the order is pure imaginary and large,
H
(1)
iµ (x)→
√
2
piµ
epiµ/2xiµ × phase , (71)
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where “phase” means some constant phase term eiφ which will be eliminated by the H
(1)∗
iµ term
in the inner integral. Therefore we have
<
[∫ t
t0
dt1
∫ t1
t0
dt2 〈0 |δφI(t,k)δφI(t, q)HI(t1)HI(t2)| 0〉
]
=(−i)2µ03H
2
inf
2k3
(
k?
k
)3
<
[
e−2iα?
(
k?
k
)2iµ
β1 + β2 + β3 + e
2iα?
(
k?
k
)−2iµ
β4
]
, (72)
β1 ≡
∫ ∞
0
dx
(
1
x
+ i
)
x2iµe−ix
∫ ∞
x
dy
(
1
y
+ i
)
e−iy , (73)
β2 ≡
∫ ∞
0
dx
(
1
x
+ i
)
x2iµe−ix
∫ ∞
x
dy
(
1
y
+ i
)
y−2iµe−iy , (74)
β3 ≡
∫ ∞
0
dx
(
1
x
+ i
)
e−ix
∫ ∞
x
dy
(
1
y
+ i
)
e−iy , (75)
β4 ≡
∫ ∞
0
dx
(
1
x
+ i
)
e−ix
∫ ∞
x
dy
(
1
y
+ i
)
y−2iµe−iy . (76)
Use the integrals (68) and (70), we can easily find
β2 =
1
2µ
[
−pi
2
+ i
(
−Nk + γ + log 2− 3
4
)]
, (77)
β4 =
−e2iµNk
4µ2
. (78)
The integrand in β3 is symmetric to x and y, and we can simplify it by expand the integral
area to the entire first quadrant on the x-y plane as
β3 =
1
2
[∫ ∞
0
dx
(
1
x
+ i
)
e−ix
]2
=
1
2
(Nk + 1− γ)2 − pi
2
8
− ipi
2
(Nk + 1− γ) . (79)
The integral β1 needs a little attention. Calculating the integral for y, we find
β1 =
∫ ∞
0
dx
(
1
x
+ i
)
x2iµe−ix
[−ipi − Ei(−ix) + e−ix] . (80)
Using the series expansion
Ei(−ix) = γ − ipi
2
+ log x+
∞∑
n=1
(−ix)n
n! · n for x 6= 0 , (81)
β1 can be written as
β1 =
∫ ∞
0
dx
(
1
x
+ i
)
x2iµe−ix
[
−ipi
2
− γ − log x−
∞∑
n=1
(−ix)n
n! · n + e
−ix
]
≡ β(1)1 + β(2)1 + β(3)1 + β(4)1 , (82)
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where
β1 ≡
(
−ipi
2
− γ
)∫ ∞
0
dx
(
1
x
+ i
)
x2iµe−ix =
(
−ipi
2
− γ
) e−2iµNk
−2iµ , (83)
β4 ≡
∫ ∞
0
dx
(
1
x
+ i
)
x2iµe−2ix =
e−2iµNk
−2iµ . (84)
The integral involving the logarithm can be done analytically,
β
(2)
1 ≡ −
∫ ∞
0
dx
(
1
x
+ i
)
x2iµ log xe−ix
= −x2iµ
[
ix
(2µ− i)2 +
1
4µ2
+
(
− i
2µ
+
x
2µ− i
)
log x
]∣∣∣∣∞
0
. (85)
As usual, modifying the upper limit as x → ∞(1 + iε) will ensure it is zero. And the lower
limit is x→ e−Nk . Neglecting all the terms that are suppressed by e−Nk , we have
β
(2)
1 =
(
1
4µ2
+
iNk
2µ
)
e−2iµNk . (86)
The integral involving the infinite sum can be written as a summation of integrals,
β
(3)
1 =
∞∑
n=1
(−i)n
n · n!
∫ ∞
0
dx
(
1
x
+ i
)
xn+2iµe−ix . (87)
Considering (67), and also noticing that the summation begins from n = 1, we immediately see
that
β
(3)
1 = 0 . (88)
Now collecting the results of (83), (86), (88), (84), (77), (79) and (78), and substituting them
into (72), we finally have
<
[∫ t
t0
dt1
∫ t1
t0
dt2 〈0 |δφI(t,k)δφI(t, q)HI(t1)HI(t2)| 0〉
]
=− µ03H
2
inf
4k3
(
k?
k
)3 [
pi
2µ
cos Θ +
Nk − γ + 1
µ
sin Θ− pi
4µ
+ (Nk + 1− γ)2 − pi
2
4
]
, (89)
Θ ≡2µ
[
log
(
k
k?
)
+Nk + α?
]
. (90)
The calculations of the second and fourth terms in (54) are similar, and we omit the process
and give only the results:[∫ t
t0
dt′ 〈0 |δφI(t,k)δφI(t, q)HI(t′)| 0〉
]
= 0
3H2inf
4k3
(
k?
k
)3 (
−pi
2
)
, (91)∫ t
t0
dt1
∫ t
t0
dt2 〈0 |HI(t1)δφI(t,k)δφI(t, q)HI(t2)| 0〉
=µ20
3H2inf
4k3
(
k?
k
)3 [
(Nk + γ − 1)2 + pi
2
4
+
Nk + 1− γ
µ
sin Θ +
pi
2µ
cos Θ +
1
4µ2
]
, (92)
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which, together with (89), give the corrections to the power spectrum via the quantum effects
(59). An interesting fact is that there is no oscillating part in this quantum effect, and also it
is subleading compared to the effect from the background oscillation (45).
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